Mulvihill MM, Nomura DK. Metabolomic strategies to map functions of metabolic pathways. Am J Physiol Endocrinol Metab 307: E237-E244, 2014. First published June 10, 2014; doi:10.1152/ajpendo.00228.2014.-Genome sequencing efforts have revealed a strikingly large number of unannotated and uncharacterized genes that fall into metabolic enzymes classes, likely indicating that our current knowledge of biochemical pathways in normal physiology, let alone in disease states, remains largely incomplete. This realization presents a daunting challenge for post-genomic-era scientists in deciphering the biochemical and (patho)physiological roles of these enzymes and their metabolites and metabolic networks. This is further complicated by many recent studies showing a rewiring of normal metabolic networks in disease states to give rise to unique pathophysiological functions of enzymes, metabolites, and metabolic pathways. This review focuses on recent discoveries made using metabolic mapping technologies to uncover novel pathways and metabolite-mediated posttranslational modifications and epigenetic alterations and their impact on physiology and disease.
A MAJOR REALIZATION made from the human genome sequencing efforts was that a significant portion of the genome remained completely uncharacterized, including genes that encode enzymes that presumably metabolize small-molecule metabolites (48) . This realization has led to the daunting task of deciphering the genetic blueprint by assigning biochemical and physiological functions to each of these encoded proteins in both normal and disease states. Metabolomics, an -omic technology that has arisen to profile the entirety of metabolites in a complex biological sample, has emerged as a powerful approach for mapping metabolic pathways and deciphering enzyme function in complex mammalian systems through the measurement of small-molecule metabolites or tracking isotopic incorporation of tracers into the metabolome (49) . A variety of metabolomic platforms have arisen including nuclear magnetic resonance (NMR), gas chromatography-mass spectrometry (GC-MS), and liquid chromatography-MS (LC-MS), all of which possess their various strengths and weaknesses, in terms of ideal methods for characterizing certain physicochemical classes of metabolites, towards comprehensively mapping the metabolome. In this review, we specifically discuss 1) how targeted and untargeted metabolomic profiling approaches have been used to characterize the functions of previously uncharacterized enzymes, 2) how metabolomic profiling has uncovered unique functions for previously characterized enzymes, 3) how isotopic tracing-based approaches have been utilized to map pathway utilization in complex biological systems, and 4) how metabolic pathways influence posttranslational and epigenetic regulation of the proteome and genome.
Metabolomic Profiling Approaches Used to Characterize the Functions of Previously Uncharacterized Enzymes
Targeted and untargeted metabolomic strategies have proved to be a fruitful strategy for deciphering functions of previously uncharacterized enzymes. Targeted metabolomics is most often used in metabolomic profiling experiments in which several hundred known metabolites are quantified in complex biological systems. Targeted metabolomics can be performed using GC-or LC-MS-based platforms and multiple-reaction monitoring (MRM)-based approaches. MRM quantitates fragment ions arising from specific parent ion mass-to-charge ratios (m/z), based on previous fragmentation analysis of metabolite standards (11) . This MRM feature allows for accurate and quantitative analysis of even very low abundance metabolites. However, the metabolome is highly physicochemically diverse and likely consists of many yet-unknown metabolites or metabolites that may not be in standard targeted metabolomic methods. Thus, untargeted metabolomics has emerged as a complementary approach to broadly identify metabolites that are altered between comparison groups (49) . These experiments are performed by setting the mass spectrometer to scan a broad m/z range. The mass spectra collected from these experiments are then analyzed by bioinformatics platforms that quantitate all detectable ions and then statistically sort for those ions that are altered between comparison groups (Fig. 1A) . Subsequent database searching coupled with traditional analytical chemistry procedures are used to identify the ions of interest. These targeted and untargeted strategies have been used to uncover the biochemical functions of many uncharacterized enzymes, thus providing a foundation for understanding their (patho)physiological roles (Fig. 1B) .
Blankman et al. (3) recently uncovered the function of the previously uncharacterized enzyme ␣/␤-hydrolase domaincontaining 12 (ABHD12), a serine hydrolase that was muta-tionally inactivated in patients with the neurodegenerative disorder PHARC (polyneuropathy, hearing loss, ataxia, retinosis, pigmentosa, and cataract). Blankman and colleagues generated ABHD12 Ϫ/Ϫ mice, which present the PHARC phenotype, to use in metabolomic studies for mechanistic understanding of ABHD12 in PHARC. Untargeted metabolomics of ABHD12 Ϫ/Ϫ mouse brain revealed elevated levels of many members of the lysophosphatidylserine (LPS) lipid class, and subsequent activity assays showed that ABHD12 is the principal LPS hydrolase in mouse brain ( Fig. 2A) . Blankman et al. went further to show that LPS accumulation in the brains of ABHD12-deficient mice led to neuroinflammation by activation of toll-like receptor 2, leading to microglial activation and motor and auditory defects reminiscent of PHARC (3) . This work on ABHD12 shows that untargeted metabolomics can be used to implicate unexpected pathways in disease towards linking genotypes to phenotypes.
Long et al. (20) used an untargeted metabolomics screening approach wherein they overexpressed a series of uncharacterized serine hydrolases in HEK293T cells and mined for depletion or accumulation of endogenous metabolites. Using this approach, the authors identified ABHD3 as a hydrolase of medium-chain phospholipids. The authors then confirmed this in vitro finding in vivo by showing that ABHD3 knockout mice possessed elevated levels of myristoyl-phospholipids, including the bioactive lipid myristoyl-lysophosphatidylcholine.
In another example, studies had shown that the uncharacterized serine hydrolase KIAA1363 was highly upregulated across aggressive human cancer cells and malignant human breast tumors, but the function of this enzyme in cancer cells remained enigmatic. Using untargeted metabolomics, Chiang et al. (6) showed that KIAA1363 was a deacetylase of the ether lipid 2-acetyl monoalkylglycerol ether (2-acetyl MAGE). KIAA1363 inactivation led to lower levels of the product MAGE and the MAGE phosphorylation product alkyl-lysophosphatidic acid (alkyl-LPA). Alkyl-LPA was a known oncogenic signaling lipid that fueled cancer pathogenicity through LPA receptor signaling. Chiang et al. showed that KIAA1363 inactivation led to impaired cancer cell motility and tumorigenesis by lowering alkyl-LPA signaling in cancer cells.
Metabolomic Profiling Approaches Used to Uncover Unique Functions of Previously Characterized Enzymes
Targeted and untargeted metabolomic approaches have also been crucial in elucidating the oftentimes rewired, retasked, or novel functions of enzymes in tissue-specific or disease-specific contexts. Examples of metabolic pathways that have been discovered by metabolomics. A: ABHD12 was recently characterized as a lysophosphatidylserine hydrolase. ABHD12 inactivation leads to accumulations in lysophosphatidylserine, leading to neuroinflammation, and behavioral dysfunction and PHARC. B: while wild-type IDH1 converts isocitrate to 2-oxoglutarate, mutant IDH1 found in gliomas was shown to convert 2-oxoglutarate to an oncometabolite, 2-hydroxyglutarate, shown to inhibit demethylases and alter the epigenetic landscape to drive cancer pathogenicity. C: MAGL was found to control endocannabinoid (2-AG) signaling and also control the major arachidonic acid precursor pool for generating proinflammatory eicosanoids. MAGL blockade leads to accumulation in 2-AG and cannabinoid-dependent antinocicpetion and anxiolysis while also lowering arachidonic acid and eicosanoids and reducing inflammation that subserves neurodegeneration and hepatic injury. D: recent studies have uncovered that acetyl-CoA levels and metabolism directly control histone acetylation and transcription of growth and nutrient metabolism genes. See text for definitions. a competitive inhibitor of ␣-ketoglutarate-dependent demethylases, including histone demethylases and the TET family of 5-methyl-cytosine hydroxylases, leading to epigenetic changes that drive cancer (52) . Inhibitors of mutant IDH1 are now under consideration for cancer therapy (9) .
Targeted and untargeted metabolomic profiling was successfully used to reveal novel biochemical functions for the lipolytic enzyme monoacylglycerol lipase (MAGL) in both normal and pathological states. It was already known that MAGL hydrolyzed monoacylglycerols to glycerol and fatty acids in vitro and that it was likely the primary enzyme responsible for the ultimate step of triacylglycerol hydrolysis (21, 47) . MAGL was also postulated to be the primary hydrolase for the monoacylglycerol endocannabinoid signaling lipid 2-arachidonoylglycerol (2-AG) (10) . A series of studies using targeted and untargeted metabolomic profiling revealed that MAGL not only controls monoacylglycerol metabolism, including 2-AG levels, but also arachidonic acid and arachidonic acid-derived eicosanoids levels (22-24, 33, 34, 37, 42) (Fig. 2C) . MAGL blockade in the brain, for example, was shown to cause dramatic elevations in 2-AG levels and robust reductions in arachidonic acid and eicosanoid levels. In other tissues, MAGL blockade showed greater changes in other monoacylglycerols compared with modest increases in 2-AG levels, indicating differential monoacylglycerol metabolism in central vs. peripheral tissues (23). Nomura et al. (37) revealed that the connectivity between 2-AG hydrolysis and arachidonic acid and eicosanoids was also tissue specific in that MAGL linked these two metabolic pathways only in brain, liver, and lung, whereas other enzymes such as phospholipase 2g4a (Pla2g4a) mediated arachidonic acid release for eicosanoid production in spleen and the gut. More importantly, these insights showing that MAGL blockade leads to enhanced 2-AG endocannabinoid signaling and suppressed proinflammatory eicosanoid signaling in certain tissues led to key biological discoveries showing that MAGL inhibitors exhibit endocannabinoiddependent antinociceptive, anxiolytic, and anti-inflammatory effects as well as eicosanoid suppression-dependent anti-inflammatory, neuroprotective, and hepatoprotective effects (5, 15, 16, 22, 37, 38, 53) .
Using untargeted metabolomic platforms, Nomura et al. (37) also found that MAGL plays a unique and distinct role in regulating a fatty acid network enriched in protumorigenic signaling lipids in aggressive human cancer cells. Nomura et al. showed that MAGL was highly upregulated in aggressive human cancer cells and primary human tumors, but the role of MAGL in cancer was unclear. Untargeted metabolomics was used to show that MAGL inactivation lowered cancer cell fatty acid levels and fatty acid-derived oncogenic signaling lipids such as LPA and eicosanoids. LPA and eicosanoids have been shown to fuel aggressive and tumorigenic features of cancer cells by stimulating their respective G protein-coupled receptors. The authors showed that MAGL inactivation thwarted migratory, invasive, and tumorigenic properties of aggressive cancer cells by lowering fatty acids and protumorigenic signaling lipids (35, 36) . This control of MAGL over lipolytic processes was a unique feature of this enzyme in cancer cells, as MAGL blockade does not result in global changes in fatty acid levels in most tissues.
Benjamin et al. (1) recently used targeted and untargeted metabolomic profiling to define the role of the ether-lipid generating enzyme alkylglycerone phosphate synthase (AGPS) in cancer cells. AGPS is a critical early step in ether lipid synthesis and catalyzes the reaction of acyl-glycerone phosphate to alkyl-glycerone phosphate, which is then converted to alkyl-LPA and other lipids in the ether lipid family. Ether lipids were known to be heightened in proliferative cells and primary tumors, but the biochemical and pathophysiological function of these lipids were unknown. Benjamin et al. showed that AGPS and ether lipid levels were heightened in aggressive human cancer cells and that AGPS knockdown led to impairments in aggressive and tumorigenic properties of cancer cells. Using a combination of targeted and untargeted metabolomics, Benjamin et al. found that AGPS knockdown led to not only a depletion of ether lipid levels but also alterations in fatty acids, acylglycerophospholipids, and eicosanoids. Using isotopic tracing methods, the authors showed that AGPS knockdown led to a diversion of arachidonic acid away from oncogenic signaling lipids such as prostaglandins and toward structural lipids such as phosphatidylcholines, through the upregulation of lysophatidylcholine acyltransferase-1 (1). Overall, the authors showed that AGPS drives cancer malignancy through heightening the levels of key oncogenic signaling lipids such as alkyl-LPA and prostaglandins and that AGPS modulates not only ether lipids but fatty acid utilization to promote an optimal landscape of signaling lipids that drives cancer pathogenicity.
In another example, Possemato et al. (39) and Locasale et al. (18) both established independently that phosphoglycerate dehydrogenase (PHGDH) and metabolic flux into serine and glycine metabolism was a critical node that drives cancer pathogenicity. Utilizing heteronuclear single quantum coherence spectroscopy NMR and isotopic tracing using targeted LC-MS-based metabolomics of [ 13 C]glucose-labeled cells, Locasale et al. found significant 13 C incorporation into 3-phosphoserine and serine pathways through PHGDH (18) . Possemato et al. screened a set of metabolic genes associated with aggressive breast cancer by using negative-selection RNAi in a human breast cancer xenograft model to identify metabolic enzymes important for tumorigenesis, and they found PHGDH a critical enzyme in breast cancer pathogenicity (39 showed that one-half of ␣-ketoglutarate was derived from the serine pathway. Both groups showed that inactivation of PHGDH led to substantial impairments in cancer pathogenicity (18, 39) . Thus, metabolomic profiling by two independent groups identified the serine pathway through PHGDH as a critical metabolic node that drives cancer pathogenicity.
Metabolomics has also been useful in defining metabolic drivers of viral infection. Viral infection by herpes simplex virus 1 (HSV-1) results in widespread changes in host metabolism to provide energy and macromolecular precursors to fuel viral replication (46) . To explore the role of individual en-zymes in viral infection, Grady et al. (12) used a siRNA screen to show that argininosuccinate synthase-1 (AS1) knockdown increased virus yield. AS1 catalyzes the rate-limiting step of the synthesis of the essential amino acid arginine from aspartate and is reduced upon HSV-1 infection. Metabolomics revealed that AS1 knockdown resulted in a metabolic signature that closely mimicked that of HSV-1 infection. Specifically, AS1 knockdown led to reductions in aspartate levels and the levels of carbamoyl-aspartate, one of the first committed metabolites on the pathway to nucleotide synthesis, as well as the levels of many nucleotides and their precursors (12) . Metabolomic strategies have also been used to survey altered host metabolism upon viral infection for many other viruses, including human cytomegalovirus (hCMV), influenza, Dengue, and hepatitis C, which alter host metabolism during infection (2, 31, 32, 41) . Thus, metabolomic profiling has been essential toward identifying key metabolic nodes that may be targeted for fighting viral infection.
Isotopic Tracing-Based Metabolomic Approaches Used to Map Metabolic Pathway Utilization in Disease
Isotopic labeling strategies to measure metabolic fluxes and pathway utilization have been used for many decades. In cell-based isotopic labeling experiments, cells are fed with isotopically labeled metabolites, and the isotope is traced through downstream metabolites by use of mass spectrometry. We will focus on some of the recent discoveries using isotopic tracing-based metabolomic approaches.
Isotope tracing has been recently used to show that Rastransformed cancer cells utilize macropinocytosis, the uptake of extracellular fluid and its contents, to replenish amino acid stores (7) . By use of isotopic tracing, cancer cells were shown to uptake and catabolize yeast protein to utilize the building blocks for glutamine synthesis and many other metabolic pathways required for cellular biochemistry. Inhibition of macropinocytosis inhibited the growth of pancreatic tumors and represents another branch of metabolism that can be exploited to fight cancer (7) .
In another example, Kamphorst et al. (14) 13 C]glutamine can be traced into isotopically labeled citrate and then into acetyl-CoA, which can be used by cells to make palmitate in the de novo lipogenesis pathway. In normoxia, glucose was found to be the primary carbon source for lipogenic acetyl-CoA, whereas glutamine-derived carbon had a larger contribution in hypoxia (14) . Interestingly, the authors showed that Ras-transformed cells and hypoxic cells increase fatty acid import through scavenging media sources of fatty acids primarily in the form of lysophospholipids, thus relying less on de novo lipogenesis (14) . These results were quite striking, since cancer cells were thought to rely almost solely on de novo lipogenesis rather than exogenous uptake of lipids for generating cellular lipid pools (28, 29) . Indeed, Nomura et al. (36) had shown previously that addition of exogenous fatty acids rescued the pathogenic defects conferred by knocking down MAGL, the lipolytic supplier of fatty acids, in aggressive cancer cells and showed that isotopically labeled fatty acids could be taken up and metabolically incorporated into more complex lipids in cancer cells. Louie et al. (25) recently also used isotopic fatty acid tracing-based targeted and untargeted metabolomic profiling to show that cancer cells robustly incorporate exogenous palmitic acid into complex phospholipids, sphingolipids, acylcarnitines, and ether lipids, including several key oncogenic signaling lipids such as LPA and ceramide 1-phosphate. Those authors also showed that aggressive cancer cells divert fatty acid incorporation away from oxidative pathways and toward structural and oncogenic signaling lipids.
Metabolic Control of Posttranslational and Epigenetic Regulation of the Proteome and Genome
Small-molecule metabolites have been historically known to confer posttranslational and epigenetic modifications onto the proteome and genome, respectively, such as with acetyl-CoA and acetylation, S-adenosylmethionine (SAM) and methylation, or ATP and phosphorylation (51) . However, most of the attention around this metabolite-mediated regulation on protein and gene function has focused on the enzymes that append or remove these modifications rather than the pathways that generate the metabolites themselves. Recent studies have revealed the exciting and provocative realization that metabolic pathways and fluxes play an important role in dictating posttranslational and epigenetic regulation. This intersection between metabolism and protein/gene regulation is likely to be greatly expanded upon in the coming years as we uncover novel metabolites, metabolic pathways, and protein/ gene modifications that influence overall (patho)physiology. We provide some recent examples of these discoveries.
In addition to the aforementioned well-known posttranslational protein modifications, there are likely to be additional yet-uncharacterized modifications that are important in protein regulation. Moellering et al. (30) recently discovered a novel nonenzymatic 3-phosphoglyceryl-lysine (pgK) posttranslational modification generated by covalent modification of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) product 1,3-bisphosphoglycerate (1,3-BPG) to lysine residues. Many glycolytic enzymes were found to have pgK modifications, including GAPDH itself and enolase-1 (ENO1), leading to inhibition of their activities. The authors showed that cells exposed to high glucose accumulated pgK modifications on glycolytic enzymes to create a potential feedback mechanism that contributes to the build-up and redirection of glycolytic intermediates to biosynthetic pathways (30) .
Acetyl-CoA is a critical metabolite that influences acetylation, especially of histones, which in turn influences epigenetic regulation of gene transcription. Histone acetylation by histone acetyltransferases (HATs) and removal of acetylation by histone deacetylases (HDACs) were thought to be the main regulators of histone acetylation. However, recent studies have highlighted the importance of acetyl-CoA levels and the metabolic pathways that regulate acetyl-CoA levels in histone acetylation and gene transcription. Using two-dimensional GC-MS-based metabolomic profiling, Tu et al. (43) intriguingly showed that intracellular metabolites, particularly acetyl-CoA levels, periodically changed during different phases of the yeast cell cycle, indicating that the abundance of key metabolites might help control the temporal regulation of cellular processes and establishment of cell cycle. Subsequently, Cai et al. (4) provocatively showed that acetyl-CoA levels increase substantially upon entry into growth in yeast and consequently induce the Gcn5p/SAGA-catalyzed acetylation of histones at genes important for growth, thereby promoting rapid transcription and commitment to growth. Cai et al. showed that acetylCoA functions as a carbon source rheostat that signals the initiation of cell growth programming through specific histone acetylation (4). Wellen et al. (50) also showed that acetyl-CoA levels, generated by ATP-citrate lyase (ACL) in mammalian cells influences cell growth and differentiation and that ACLmediated acetyl-CoA production drove histone acetylation and gene expression, prompting growth factor-induced increases in nutrient metabolism (Fig. 2D ). Many metabolic genes were shown to be regulated by ACL-dependent histone acetylation, including glucose transporter Glut4 and glycolytic regulators hexokinase II (HKII), phosphofructokinase-1 (PFK-1), and lactate dehydrogenase A (LDH-A), showing a powerful link between metabolism and histone acetylation, even in mammalian cells (50) .
In another example, Ulanovskaya et al. (45) showed an exciting link between nicotinamide N-methyltransferase (NNMT), histone methylation, and epigenetic regulation that drives cancer aggressiveness. NNMT methylates nicotinamide, a precursor to NADϩ, using S-adenosylmethionine (SAM), modulating two important energy metabolites. SAM is the principle biological methyl donor utilized in transmethylation, transsulfuration, and polyamine synthesis (27) . NNMT is overexpressed in a variety of tumors. Ulanovskaya et al. used metabolomics to uncover that overexpression of NNMT led to reduced SAM levels and increased levels of products S-adenosylhomocysteine (SAH) and 1-methylnicotinamide (1MNA) (45) . This resulted in a decrease in cellular methylation potential by diverting SAM methylation toward 1MNA and away from histone methylation. Subsequent DNA microarray experiments showed that NNMT overexpression upregulates many protumorigenic gene products, including SNAI2, TGFB2, and CNTN1 (45) . This work showed yet another example of how a metabolic pathway, namely NNMT and generation of 1MNA, could divert SAM-mediated methylation away from histone methylation enough to exert control over the epigenetic and aggressive features of cancer cells.
NNMT has also been recently implicated in obesity and type 2 diabetes. Kraus et al. (17) discovered using DNA array analysis that NNMT expression is inversely correlated with Glut4 glucose transporter expression in white adipose tissue (WAT), Glut4 expression is decreased in adipocytes in both obesity and type 2 diabetes, and Glut4 expression alters insulin sensitivity. NNMT knockdown protects against diet-induced obesity by raising levels of NADϩ and SAM, increasing flux of SAM into polyamine biosynthesis, and augmenting energy expenditure. Additionally, using ChIP-qPCR, Kraus et al. showed that NNMT inhibition modifies histone methylation leading to activation of rate-controlling enzymes involved in polyamine flux, resulting in increased energy expenditure. Thus, by use of genomics and epigenomics, the metabolic node NNMT was identified as a potential target for the treatment of obesity and type 2 diabetes (17) .
Many recent studies have also shown how metabolic pathways can generate metabolites that inhibit enzymes that confer epigenetic modifications. For example, IDH1 mutations are correlated with extensive, coordinated hypermethylation at specific loci known as the CpG island methylator phenotype (CIMP) in glioma. Turcan et al. (44) analyzed the genomic DNA of mutant or wild-type IDH1-overexpressing cells, using the Ilumina Infinium Human Methylation 450 Platform, to uncover that mutant IDH1 caused increased hypermethylation at a number of genes. The structural similarity of ␣-KG and 2-HG led to the hypothesis that accumulation of 2-HG could bind and function as a competitive inhibitor to ␣-KG-dependent dioxygenases. Over 60 mammalian deoxygenases utilize ␣-KG as a substrate, including histone demethylases and 5-methylcytosine hydroxylases (19) . Xu et al. (52) showed that 2-HG inhibits multiple ␣-KG-dependent dioxygenases at the high concentrations observed in human glioma tumors. Lu et al. (26) also showed that IDH mutations impair histone demethylation, resulting in a block-to-cell differentiation. IDH1 mutations thus confer unique epigenetic control over the expression of a large number of genes, linking central carbon metabolism to gene regulation and cancer pathogenicity.
Concluding Remarks
A major challenge faced by scientists in the postgenomic era is deciphering the functions of uncharacterized metabolic enzymes and pathways in both normal physiology and the oftentimes dysregulated functions of enzymes and pathways in disease. In this review, we show many examples of valiant efforts using advanced functional metabolomic platforms not only to uncover the metabolic basis of diseases but also to uncover unique treatment strategies that target these nodal metabolic drivers of diseases such as cancer, neurodegenerative diseases, and diabetes. We also demonstrate how recent studies have uncovered how metabolic pathways, enzymes, and metabolites can directly influence posttranslational and epigenetic regulation of the proteome and genome, respectively. These complex intersections between the metabolome, proteome, and genome present an even grander challenge for scientists but also represent exciting avenues for attenuating disease by manipulating metabolism and simultaneously controlling cellular genetic, metabolic, and signaling pathways.
Although the various examples shown in this review provide a general workflow for functional metabolomic profiling to characterize metabolic pathways, the majority of metabolic enzymes still remain uncharacterized. Thus, a more concerted and higher-throughput approach is necessary combined with the integration of functional metabolomic, proteomic, and genomic strategies to effectively annotate the entirety of the metabolic genome en masse and in parallel instead of our current approach of characterizing each enzyme one by one. With the advent of higher-throughput mass spectrometry and sequencing platforms, such large-scale endeavors may be attainable in the near future.
